We proposed and demonstrated a scheme of surface emitting circularly polarized light source by introducing strong imbalance between left-and right-circularly polarized vacuum fields in an on-waveguide chiral grating structure. We observed circularly polarized spontaneous emission from InAs quantum dots embedded in the wave guide region of a GaAs-based structure. Obtained degree of polarization reaches as large as 25% at room temperature. Numerical calculation visualizes spatial profiles of the modification of vacuum field modes inside the structure with strong circular anisotropy.
The polarization and intensity of the emitted light depends on internal structure of the light source as well as on the symmetry and density of environment-allowed electromagnetic modes. The role of the environment in the light emission can be visualized by placing a light emitter in a microcavity [1] [2] [3] [4] [5] because modification -in comparison with free space -in the allowed electromagnetic field modes affects the spontaneous emission rate. The modification of the mode structure can also affect radiation pattern and direction [6, 7] of the emitted light. The polarization sensitivity of the spontaneous emission enables control the polarization plane azimuth of a surface emitting device [8, 9] , and also has an important fundamental aspect. Specifically, broken time-reversal symmetry results in different emission efficiency for left-and right-circularly polarized photons in presence of a static magnetic field [10] [11] [12] [13] [14] . One may expect that similar imbalance between the left-and right-circularly polarized photons should occur when leftand right-circularly polarized electromagnetic modes of the vacuum field are not equivalent.
Circularly-polarized light is also great important for a variety of applications, such as circular dichroism spectroscopy [19] and chiral synthesis [20, 21] in biology and chemistry, spin-state control in quantum information technology [22, 23] and ultrafast magnetization control [24, 25] . However, despite of recent advances in the nanoscale lasing [26] [27] [28] , circularly-polarized light sources fabricated with conventional semiconductor material that can be incorporated into optoelectronic circuits has not been realized yet.
Here, we present the circularly-polarized light emitter based on the control of the balance between left-and rightcircularly polarized vacuum electromagnetic modes in semiconductor chiral photonic crystal. We design and fabricate a GaAs-based semiconductor chiral photonic crystal with incorporated InAs quantum dot (QD) layer that produces circularly-polarized photoluminescence at room temperature. The performed numerical simulation allowed us to visualize the asymmetry of the vacuum modes coupled with circularly-polarized light propagating along the surface normal.
As shown in Fig. 1(a) , the chiral photonic crystal consists of GaAs chiral nanograting layer, GaAs waveguide layer incorporating an emitter layer with InAs QDs and Al 0.7 Ga 0.3 As clad layer on GaAs substrate. The GaAs chiral nanograting layer is composed of gammadions that have no in-plane mirror symmetry but possess four-fold rotational axis. Such planar chiral structures possess strong optical activity [16] [17] [18] and their handedness is determined by the sense of twist of gammadions. The Al 0.7 Ga 0.3 As layer (1µm), lower GaAs layer (150nm) including single InAs self-assembled QD layer, upper GaAs layer (550nm) are grown on GaAs(100) substrate by molecular beam epitaxy. The density of the QDs is 7 10 9 /cm 2 . The gammadion structures were patterned using an electron-beam lithography system and then transferred to the GaAs layer by inductive coupled plasma reactive ion etching (ICP-RIE) using a Cl 2 /Ar mixture [15] . The gammadion array is arranged along 110 and 1-10 direction of GaAs crystal. The etching times are controlled to achieve the desired thickness of the chiral layer. The whole size of the sample is 1.2mm 1.2mm. We elucidate the chirality of the manufactured structures by measuring the polarization plane azimuth rotation θ and ellipticity η of a transmitted light wave at normal incidence in a wavelength range from 900nm to 1600nm with conventional polarization modulation technique [29] (details of measurement are shown in Ref. [30] ). Although transmission spectra for both left-and right-twisted gammadion structures are nearly identical, signs of both θ and η are opposite at all wavelengths. Fig. 1(c) shows ellipticity spectrum in InAs QDs luminescence spectrum range for left-and right-twisted gammadions.
We measure the photoluminescence (PL) of manufactured chiral photonic crystals along the sample normal (N.A.'0.03). We performed photoluminescence measurement using a 635nm CW laser diode as an excitation source. The power and diameter of the beam spot at the surface of the samples are 2.6mW and 0.6mm, respectively. We distinguished between left-and right-circularly polarized components by setting a λ/4 waveplate and a polarizer in front of a detector and rotating the λ/4 waveplate. All measurements are performed at room temperature.
One can observe from Fig. 2 (a) that PL spectra of the photonic crystals with left-twisted gammadion differ considerably for left-(I LCP ) and right-circularly (I RCP ) polarized components. By comparison, the PL spectra of InAs QDs without chiral nanostructures are shown in the inset of Fig. 2(a) . In particular, a large difference between I LCP and I RCP is observed around 1040nm, i.e. at wavelength where large ellipticity is observed in the transmission measurement (see Fig. 1(c) ). The PL spectrum of left (right) -circularly polarized component from the left-twisted gammadion sample matches to the PL spectrum of right (left) -circularly polarized component from the right-twisted sample. That is, the circularly anisotropy of the emitted light strongly depends on the handedness of a chiral photonic crystal. Degree of polarization of the emission,(I LCP − I RCP )/(I LCP + I RCP ), from left-and right-twisted samples are shown in Fig. 2(b) . The maximum value of degree of polarization achieved is as large as 25.2% at 1042nm for the right-twisted sample.
The observed correlation between optical activity and polarization degree of the emission can be explained in terms of the strong left-right imbalance electromagnetic modes in chiral nanostructures. In linear optics, the electric field at a frequency ω at the point r, E t (r), is proportional to the amplitude of the incident wave, E in (r),
where subscripts label Cartesian coordinates and L ij (r, r−r ′ ) is a tensorial function that that depends on the material properties and geometry of the interaction. In an homogeneous medium, this function depends only on ρ = r − r ′ , however in the inhomogeneous medium, it is also a function of r. Spontaneous emission rate into a specific mode depends on the amplitude of the vacuum field of the relevant mode at the position of the emitter [31] . If we consider a mode, which connects to plane wave propagating with a wave vector k 0 with a vacuum field amplitude of free space at large distance from the structure, the relevant Fourier component of the operator,
( 2) can be a measure of the enhancement or suppression factor of spontaneous emission rate to that mode at the point of interest r. Thus one can restore the medium-induced modification of the vacuum field amplitude at r by measuring l ij (r, k 0 ) for all k 0 . When we are interested in the modification of the vacuum field, which are coupled with light propagating along the surface normal in planar structures, the restoration of the relevant mode structure is reduced to the light field distribution inside the structure produced by a plane wave, i.e. E in (r) = Ae ik0z . If the planar structure is isotropic in the XY plane, the symmetry reduces the operatorl(r, k 0 ) down to a constant, E t (r) = l 0 (r)A, that describes modification of the vacuum modes propagating along the slab normal. In an isotropic chiral layer, the counter circularly-polarized vacuum modes will be modified differently, i.e. E t L,R (r) = l L,R (r)A L,R where subscripts L and R stand for left-and right-circular polarizations, respectively. l L,R (r) will give us the spatial distribution of the enhancement or suppression factor of the amplitudes of the left-and right-circularly polarized vacuum field modes coupled to the plane wave modes with wave vector normal to the surface of the structure. Thus if a point dipole oscillator equally emits left-and right-circularly polarized photons in homogeneous media, the same dipole embedded into the chiral slab at point r will emit radiation with a finite degree of polarization, in the case of |A L | = |A R |, given by
Thus, circular anisotropy of the vacuum field ξ(r) in the chiral photonic structure can be visualized by comparing the light intensity at the point r when the structure is irradiated by left-and right-circularly polarized plane waves at normal incidence. When QDs are homogeneously distributed in the XY plane at a given z forming a two dimensional emission layer, the far-field plane wave emission normal to the surface shows the degree of polarization characterized by: Figure 3 shows calculation results of induced electric field distribution by left-and right-circularly polarized light with the same amplitude at normal incidence at the wavelength of 1040 nm featured by the strong ellipticity of the transmitted wave (see Fig. 1(c) ). We used the rigorous coupled-wave analysis method [32] . One can observe from Fig. 3(a) that there is a drastic difference in the light intensity distribution for counter-circularly-polarized incident waves, |l L (r)| 2 and |l R (r)| 2 . This difference visualizes the sensitivity of the vacuum field to the handedness of the circularly-polarized light in chiral photonic crystals. Figure 3 (b)(c) and (d) shows l L,R (r) at z=-10nm (corresponds to the top of chiral layer), z=90nm (inside the chiral layer) and z=590nm (in the waveguide layer) and the obtained values of P (z) are -16.5%A-6.5%A17.3%, respectively. We can see that both in-plane spatial distribution of l L,R (r) and degree of polarization in radiation zone P (z) strongly depends on z, i.e. on the position of an emission layer inside the chiral structure. One can observe from Fig. 3(e) that the largest degree of polarization can be achieved when the emission layer is placed at z ≈600 nm. The observed strong circular anisotropy in emission corresponds with the results obtained by the numerical calculation. The slightly bigger -than predicted by calculation -value of P (z) obtained in the experiment is mainly due to the structure imperfectness.
In conclusion, we demonstrate a system that possesses left-right circularly-polarization asymmetry of the vacuum electromagnetic modes and observe a pronounced imbalance between left-and right-circular polarizations in light emitted by QDs embedded in the chiral photonic crystal. The obtained degree of polarization of PL spectra is as large as 25%. Moreover, our analysis shows that the degree of polarization of light emitted by a QD can be controlled by choosing its position in the waveguide layer of the phonics crystal. For example, if we place a single emitter to the center of the gammadion which position shown by the white arrows in Fig. 2(c) , the degree of polarization of the emitted light will be as large as 92%. Such an optimal control of the circular polarization degree by introducing using left-right asymmetry in the vacuum field should be important for various applications including quantum information technology. These also lead to applications such as novel circularly polarized single photon and surface-emitting circularly-polarized laser sources.
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